suggests that (1) the formed Au-Ag alloy surface is favorable for the formation of 2-cyclohexen-1-one, 2-cyclohexene-1-ol, and cyclohexene oxide and (2) the surface silver oxide is favorable for the production of cyclohexenyl hydroperoxide. 
be deposited on the surface of gold. For example, gold film pre-covered with oxygen atoms has been demonstrated to be active for many oxidation reactions [3, 4] .
Recently, nanoporous gold (np-Au) has been identified as a new type of gold catalysts for catalysis applications [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . For example, nanoporous gold made through etching commercial Au-Ag ingot has been reported to be active for CO oxidation even at a temperature lower than 0 °C , [24] [25] [26] [27] [28] [29] and highly selective in oxidative coupling of methanol to form methyl formate in gas phase [30] . It is suggested that the concentration of silver left in the nanoporous gold is critical for selective transformation of methanol. On np-Au with less than 1at% of silver, over 97 % selectivity of methyl formate was achieved; however, oxidation product shifted to carbon dioxide when silver content was increased to 10at% [30] . It suggested a correlation between concentration of surface Ag and its chemical states concentration and product selectivity, indicating the significance of catalytic sites at atomic scale in this selective transformation.
Selective oxidation of olefins in liquid phase is an important reaction in production of fine chemicals in chemical industry [31] [32] [33] [34] [35] [36] [37] . Oxidations of olefins on homogeneous or heterogeneous catalysts using peroxide as an oxidant such as hydrogen peroxide or tert-butyl hydroperoxide have been investigated extensively in last decades [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . However, the cost of peroxides and costly handling of large amount of peroxides due to their explosive nature could largely limit their application in oxidative catalysis at the scale of industrial production. Compared to peroxides, molecular oxygen is considered as an inexpensive and environmental benign green oxidant for oxidation reactions [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] .
Nanoporous Au exhibits unique features including high structural stability even though it is a supported-free catalyst. The unique porous structure offers high surface area of Au or even Au-Ag alloy in the pores of nanoporous Au. The left trace amount of Ag on internal surface of pores offers additional sites for an oxidation reaction. So far there has been no report of using nanoporous gold catalysts for selective oxidation of olefins in liquid phase.
Herein, we prepared nanoporous gold catalysts and studied selective oxidation of cyclohexene on them under a solvent-and initiator-free condition. Catalytic performance on nanoporous gold catalysts experienced different activations including ozone only and ozone followed with methanol were investigated; gold and silver of surface catalyst of experienced different pretreatments were examined toward correlating them with their catalytic performance in selective oxidation of cyclohexene in liquid. Overall, nanoporous gold catalysts prepared by oxidization with ozone and with/without a following reduction with methanol were well characterized, in order to establish correlation of catalyst structures of np-Au with their corresponding performances (e.g., selectivity) in oxidation of cyclohexene in liquid.
Experimental

Synthesis of Nanoporous Gold Catalysts
Nanoporous gold foil [np-Au(Ag)] was synthesized by following the procedure reported in literature [55] . In a typical synthesis of np-Au(Ag), two pieces of commercial gold foils (85 % Ag/15 % Au, August Ruhl 6 Kt. White gold, Easy Leaf Products) were etched in 100 mL of 70 % HNO 3 (Sigma-Aldrich) at room temperature for 30 min. After etching, the sample was rinsed with deionized water and then naturally dried at room temperature for overnight. The obtained sample was further loaded into a quartz tube reactor (0. 
Characterization of Catalysts
The crystallographic structure of the solid samples was investigated using a Bruker X8 Proteum diffraction system equipped with Helios multilayer optics, and APEX II CCD detector and a Bruker MicroStar microfocus rotation anode X-ray source (Mo K α radiation, λ = 0.71073 Å) operating at 45 kV and 60 mA. Powders were suspended in Paratone N oil and placed into a nylon loop and mounted on a goniometer head. The sample was scanned at a rotation rate of 2°/second. The diffraction pattern was converted based on Bragg's equation (nλ = 2dsinθ) in order to compare with standard patterns obtained with Cu K α radiation.
The dimension, morphology, and chemical composition of the solid samples were examined using scanning electron microscopy (Versa 3D dual beam, FEI) with a silicon drift energy dispersive X-ray detector (Oxford Instruments), high resolution transmission electron microscopy (HRTEM/EDX, FEI Tecnai F20, 200 kV). The TEM samples were prepared by dispersion of nanoporous gold catalysts in ethanol under sonication for 10 min. The suspension was dropped onto a copper mesh grid with lacey carbon film, followed by drying at room temperature in air. Surface area and texture properties of the samples were studied by nitrogen adsorption-desorption isotherms (Quantachrome NOVA 2200e system) at 77 K. Prior to measurements, the samples were degassed at 120 °C for 6 h.
The chemical states of Au and Ag were obtained using laboratory X-ray photoelectron spectroscopy spectra (XPS, Specs Phoibos 100) using a monochromatized Mg Kα excitation (hν = 1253.6 eV) radiation at 300 W (10 keV; 30 mA). XPS spectra were acquired with pass energy of 25 eV and energy step of 0.05 eV. The base pressure in the analysis chamber was in the range of ~2 × 10 −9 Torr. The Au 4f binding energy (84.0 eV) was used as binding energy reference.
Catalytic Oxidation of Cyclohexene in Liquid Phase
Liquid phase oxidation of cyclohexene was carried out in a Parr reactor. Thermocouple and pressure gauge were installed for measurement of temperature of liquid phase and pressure of gas phase above the liquid phase. In a typical experiment, 15 mL of cyclohexene (C 6 H 10 , inhibitor-free, ReagentPlus®, 99 %, Sigma-Aldrich) was mixed with 0.5 mL of undecane (C 11 H 24 , as an internal standard, 99+ %, Sigma-Aldrich), followed by adding 10 mg of catalyst. After that the reactor was purged with oxygen (UHP, Matheson), followed by pressurized with 20 bar of oxygen. Then, the reaction proceeded under vigorous stirring at 80 °C for 16 h. During catalysis, the liquid phase was continuously stirred for well mixing catalyst particles in liquid phase of reactants. To check whether there is mass transport limitation, control experiments were done by performing catalysis at three different stirring rates (600, 800, and 1200 rpm) under the same catalysis condition.
Quantitative determination of oxidation products (i.e., cyclohexene oxide, 2-cyclohexen-1-ol, and 2-cyclohexen-1-one) was achieved with gas chromatography equipped with a flame ion detector (FID) and a Restek column (30 m × 0.32 mm × 0.25 μm). Before a liquid sample is introduced to column, it is heated to certain temperature to gasify. Commercial samples of cyclohexene oxide (C 6 H 10 O, 98 %, Aldrich), 2-cyclohexen-1-ol (C 6 H 9 OH, 95 %, Aldrich) and 2-cyclohexen-1-one (C 6 H 8 O, 95+ %, Aldrich) were used as external standards in assignment of GC peaks and establishing a standard curve. It is noted that the concentration of cyclohexenyl hydroperoxide was determined by iodometric titration method reported in literature [56] ; in a typical experiment, 0.5 mL of analyte was mixed with 40 mL of isopropyl alcohol (C 3 H 7 OH, 99+ %, Fisher Scientific) and 2 mL of acetic acid (C 2 H 4 O 2 , 99.7+ %, Fisher Scientific), followed by heating to reflux; then, 2 g of sodium iodide (NaI, ACS reagent, Acros Organics) was dissolved in 10 mL of isopropyl alcohol, which was then added to the above solution; the resulted mixture was further refluxed for 5 min; then, 5 mL of deionized water was added. The resulted solution was titrated with 0.1 M sodium thiosulfate (Na 2 O 3 S 2 , 98+ %, Fisher Chemical).
Results and Discussion
Activation of Nanoporous Gold Catalyst in Ozone Versus in a Sequential Treatment
Nanoporous gold catalyst, np-Au(Ag) was prepared by etching commercial gold silver alloy (Au 15 Ag 85 ) thin foil in a concentrated nitric acid (70 %) for 30 min. Following the etching process, the harvested nanoporous gold was activated by oxidation at relative low temperature (150 °C) in ozone. As shown in Fig. 1a , a nanoporous gold catalyst consists of very thin gold "leaves" randomly assembled. These thin gold leaves are porous materials made of interconnected gold ligaments with size of 50-100 nm ( Fig. 1b-d and S1). A gold ligament was marked with red arrow in Fig. 1d . The void space between gold ligaments forms the nanopores after most silver content is leached out. The ozone oxidation step helps to remove any surface contaminant such as carbonaceous species to expose the fresh Au(Ag) surface [55] .
Another function of treatment in ozone is to oxidize the embedded metallic silver in ligament to silver oxide and thus form silver-based species on the surface of nanoporous gold. The function of surface silver atoms has been identified to be active for dissociation of molecular oxygen to atomic oxygen, which is essential for selective oxidation reaction [26] [27] [28] [29] . In order to explore how oxidation state of silver atoms influences catalysis performance of the np-Au(Ag), the oxidized nanoporous gold was reduced by vapor of methanol. As shown in Fig. 2 and S2, generally the morphology of nanoporous gold treated with methanol was similar to that treated with ozone only (Fig. 1) . The pore volume and surface area of Au were decreased after reduction with methanol at 150 °C (Fig. 2b ) compared to that solely experienced treatment in ozone (Fig. 1d) . It is called coarsening of gold ligaments (Fig. 2b) . Compared to Fig. 1d of np-Au-O 3 , the diameter of gold ligaments of np-Au(Ag)-O 3 -MeOH increased to about 100-200 nm, which was probably due to the extended thermal treatment of nanoporous gold at 150 °C in methanol atmosphere. As a result, compared to np-Au(Ag)-O 3 the surface area of methanol treated nanoporous gold catalyst was decreased due to partially coarsening of gold ligaments (see Sect. 2 of supplementary information). Similar coarsening of nanoporous gold occurred during thermal treatment was reported in literatures [57] [58] [59] .
In order to examine the surface of nanoporous gold in details, the catalysts treated with ozone and then methanol were characterized by high resolution TEM. As shown in Fig. 3a and S3 , an amorphous layer shown as high contrast region was observed and partially covered on the surface of oxidized nanoporous gold. Its contrast is much higher than np-Au(Ag). At a high magnification (Fig. 3b) , it can be seen that small nanocrystals with size of 2-10 nm were embedded within the amorphous layer.
The identifiable lattice spacing of 0.23 nm and 0.21 nm of the nanocrystal can be assigned to (111) and (200) plane of gold metal (JCPDS 04-0784), while the lattice spacing of 0.30 nm of the small nanoclusters at the left side of the Au nanocrystal in Fig. 3b could be attributed to (110) plane of AgO (JCPDS 43-1038). Thus, the high resolution TEM images clearly suggest the formation of silver oxide nanoclusters on Au. Chemical states and surface composition of np-Au(Ag)-O 3 were studied with XPS. Based on photoemission features of Au 4 f in Fig. 4a , gold oxide layers corresponding to the Au 4f 7/2 at 85.6 eV were definitely formed after a treatment of np-Au(Ag) in ozone. As 4f 7/2 at 84.0 eV is still the main component in the photoemission feature, only surface region of Au was oxidized in the pretreatment of O 3 . In addition, as shown in Fig. 4b Ag is at oxidative state since the binding energy of Ag 3d 5/2 is 367.2 eV. This is consistent with the observation of fringe of AgO nanoclusters in TEM studies (Fig. 3b) . Notably, as shown in Fig. 5a , Au 4f 7/2 of gold oxide layer formed in the step of ozone treatment disappeared after the second step treatment at 150 °C in vapor of methanol; it suggests that the gold oxide was reduced in the step of pretreatment in methanol. TEM studies of np-Au(Ag)-O 3 -MeOH show that only gold ligaments with well-crystallized surface region were observed in Fig. 6 . The comparison of the TEM images of np-Au(Ag)-O 3 ( Fig. 3 ) and np-Au(Ag)-O 3 -MeOH (Fig. 6) shows the important role of treatment in methanol in order to forming a metallic internal surface of the pore. As shown in the TEM image of high magnification (Fig. 6b) , neither amorphous gold oxide nor small nanoclusters of silver oxide was formed. Instead, as shown in Fig. 6 only bulk gold ligaments were presented, evidenced by the measured lattice spacing of 0.23 nm which is due to (111) plane of gold metal (JCPDS 04-0784). Definitely, pretreatments of npAu(Ag) with sole ozone and one with first ozone and then methanol did generate different surfaces of ligaments. The distinct difference between surface structure of ligaments of np-Au(Ag)-O 3 and np-Au(Ag)-O 3 -MeOH suggests different catalytic performances.
Surface of np-Au(Ag)
The crystallographic structure of nanoporous gold catalysts activated in sole ozone or a sequential treatment of ozone and methanol were characterized by powder X-ray diffraction. As shown in Fig. 7 , five peaks at 38.0°, 44.3°, 65.0°, 78.1°, and 82.2° of np-Au(Ag)-O 3 and np-Au(Ag)-O 3 -MeOH were observed, which can be indexed to (111), (Figs. 4, 5, S4 and S5 ). As shown in the Au 4f spectra in Fig. 4 or 5, two photoemission features of Au 4f 7/2 were observed at 84.0 eV and 85.6 eV, which can be attributed to Au 7/2 of gold metal and gold oxides, respectively [60, 61] . The photoemission feature at 85.6 eV was assigned to Au 3+ since the binding energy of Au 4f 7/2 of Au 2 O 3 is 85.5-85.8 eV [62] . Thus, the photoemission feature of Au4f 7/2 suggest that the surface of nanoporous gold was oxidized during ozone treatment. In addition, peak of Ag 3d 5/2 at 367.2 eV was assigned to silver oxide based on the binding energy of Ag 3d 5/2 of AgO [63] [64] [65] .
The silver of the Au 15 Ag 85 foil can be leached by nitric acid solution. After soaked in acid, most silver was leached into the acid solution. This is evidenced by the decrease of atomic ratio of Ag to Au after leaching in acid. Before leaching it in HNO 3 , the initial Ag/Au atomic ratio was 5.67; it was significantly decreased to only 0.18 after leaching in HNO 3 followed by ozone treatment (Fig. 4) . For O 1s spectrum of np-Au(Ag)-O 3 , the peaks at 530.0, 531.8, and 533.7 eV could be assigned to gold/silver oxides, surface hydroxyl groups, and adsorbed surface water respectively [63] . The fraction of peak intensity of O 1s at 530.0 is about 45 %. The C 1s photoemission features for ozone and methanol treated samples were quite similar, with peaks at around 285, 286, and 290 eV attributing to surface C-C, C-OH, and C-OOH species, respectively. These carbon species could come from residue carbon species on the surface of nanoporous gold and/or contamination during preparation of XPS samples.
np-Au(Ag)-O 3 -MeOH exhibits quite different surface chemistry in contrast to np-Au(Ag)-O 3 . There was only one peak at 84.0 eV observed in Au 4f spectrum which was assigned to metallic gold. It clearly shows that gold oxides formed during treatment in zone were reduced by the treatment in vapor of methanol. Compared to np-Au(Ag)-O 3 treated in ozone at 150 °C, the peak of Ag 3d 5/2 of npAu(Ag)-O 3 -MeOH up-shift to 367.8 eV (Fig. 5b) . This photoemission feature of Ag 3d 5/2 of np-Au(Ag)-O 3 -MeOH, 367.8 eV could be assigned to Ag 2 O supported on ligament of np-Au(Ag) or/and metallic Ag in surface of Au-Ag alloy [64] [65] [66] . For O 1s spectrum of np-Au(Ag)-O 3 (Fig. 5c) , the two peaks at 532.7 and 534.0 eV were attributed to surface hydroxyl groups and adsorbed water molecules, respectively as discussed above. A close examination shows that there is lack of photoemission feature of O 1s at 530.0 eV [64, 67] which was contributed from the oxygen atoms of metal oxides such as silver oxide and gold oxide. Thus, the lack of O1s contribution from silver oxide in O1s spectrum (Fig. 5c) helped to assign the Ag 3d 5/2 at 367.8 eV (Fig. 5b) to Ag in Au-Ag alloy instead of sliver oxide. It further suggests that silver was reduced to metallic state in methanol vapor at 150 °C. As the atomic ratio of Ag to Au is 0.12 or less, we expect the reduced silver could have formed alloy with Au in the surface region during treatment in vapor of methanol at 150 °C. The lower atomic ratio of Ag/Au in npAu(Ag)-O 3 -MeOH compared to np-Au(Ag)-O 3 is another evidence that silver oxide nanoclusters were reduced to metallic silver atoms and then the metallic silver atoms diffused to subsurface or deep layers to form alloy in the surface region of gold ligament; in other words, this is because sliver oxide couldn't be migrated to subsurface or deep layer before a reduction to metallic Ag atoms.
Selective Oxidation of Cyclohexene with Molecular Oxygen on Catalysts in Liquid
The np-Au(Ag)-O 3 and np-Au(Ag)-O 3 -MeOH were investigated for selective oxidation of cyclohexene in liquid phase by using molecular oxygen as oxidant instead of any peroxide. After reaction for 16 h, around 15 % of cyclohexene was oxidized on np-Au(Ag)-O 3 ( Table 1, Table S1 and Fig. 8 ). The major products on np-Au(Ag)-O 3 are cyclohexene oxide, 2-cyclohexen-1-ol, 2-cyclcohexen-1-one, and cyclohexenyl hydroperoxide. The total selectivity in production of cyclohexene oxide, 2-cyclcohexen-1-ol, and 2-cyclohexn-1-one was about 57 %; the selectivity for production of cyclohexenyl hydroperoxide was about 43 % (Fig. 8) . As there was no gas phase product (i.e., CO 2 ) observed after reaction, the carbon balance was checked on the basis of the concentration of each compounds in the mixture of liquid. The total carbon numbers of liquids before and after catalysis are similar (Section 1 in supplementary information), suggesting that the major products of cyclohexene oxidation are cyclohexene oxide, 2-cyclcohexen-1-ol, 2-cyclohexn-1-one, and cyclohexenyl hydroperoxide instead of gas phases. Compared to np-Au(Ag)-O 3 , the conversion of cyclohexene on np-Au(Ag)-O 3 -MeOH slightly dropped from 15 to 11.4 %. The conversions of cyclohexene on the two catalysts are similar; thus, we can compare their catalytic selectivity. Notably, the selectivity of the cyclohexenyl hydroperoxide on np-Au(Ag)-O 3 -MeOH decreased from 44 % to less than 20 % (Fig. 8) , suggesting that the metallic state of Au(Ag) surface favors the decomposition of cyclohexenyl hydroperoxide.
The effect of reaction time on the conversion and selectivity was studied by carrying out the cyclohexene reaction for 8, 12 and 16 h, respectively. As shown in Table S1 , there was no conversion of cyclohexene was observed after reaction at 80 °C for 8 h. At reaction time of 12 h, 14.4 % of cyclohexene was converted and the total selectivity (Table S1 ), which is much lower than the total selectivity (80.8 %) on np-Au(Ag)-MeOH at a conversion of cyclohexene of about 12 % (Fig. 8b) .
The low conversion of cyclohexene on np-Au(Ag)-O 3 and np-Au(Ag)-O 3 -MeOH suggests that the catalytic reaction was performed at a kinetics control regime. Thus, catalytic activity in terms of turn-over-frequency (TOF) can be evaluated with conversion of cyclohexene. Each surface gold atom can transform 0.55 and 0.99 cyclohexene molecules per second on np-Au(Ag)-O 3 and np-Au(Ag)-O 3 -MeOH, respectively. These calculations were done under an assumption that surface density of gold atoms of surfaces of the two catalysts is 1. 4 × 10 19 Au atoms m − 2 ; this surface density of Au atoms was calculated by assuming that Au atoms were packed in (111) surface. By multiplying the surface density of gold atoms to the surface area of the catalyst, the total number of Au atoms on surface was calculated. Then, the turn over frequency was calculated by dividing the number [50] [51] [52] .
As shown in entries 2 and 1 in Table 1 , the total selectivity for production of 2-cyclohexen-1-one, 2-cyclohexene-1-ol, and cyclohexene oxide on np-Au(Ag)-O 3 -MeOH is definitely higher than that on np-Au(Ag)-O 3 at a similar conversion of cyclohexene. Based on the characterization of surface chemistry (oxidation state of Au and Ag), the metallic state of Au of np-Au(Ag)-O 3 -MeOH is favorable for production of 2-cyclohexen-1-one, 2-cyclohexene-1-ol, and cyclohexene oxide but not for cyclohexenyl hydroperoxide. Based on the fact that the selectivity for cyclohexenyl hydroperoxide on np-Au(Ag)-O 3 is much higher than that on np-Au(Ag)-O 3 -MeOH, it is suggested that an oxidizing state of Ag is favorable for the formation of cyclohexenyl hydroperoxide. To test the suggested correlation of catalytic selectivity and oxidation state of np-Au(Ag), we further investigated the effect of reducing agent on catalytic selectivity in selective oxidation of (Fig. 9) . It supports that the metallic surface of ligament of np-Au(Ag)-O 3 -MeOH, np-Au(Ag)-O 3 -H 2 , or np-Au(Ag)-O 3 -CO was responsible for conversion of cyclohexene to cyclohexene oxide, cyclohexenol, and cyclohexenone instead of cyclohexenyl hydroperoxide.
The morphology of np-Au(Ag)-O 3 -MeOH after cyclohexene oxidation was characterized with SEM. As shown in Fig. 10a and b, the gold leaves after the oxidation of cyclohexene in liquid with molecular oxygen were aggregated into big particles with size of about 20-30 micrometer. As shown in Fig. 10c and d, the size of gold ligament was only slightly increased. Thus, the porous structure of the used np-Au(Ag)-O 3 -MeOH was preserved after catalysis. It suggests that the selective oxidation in liquid phase didn't obviously change surface structure of ligament.
Summary
Nanoporous gold catalysts were successfully synthesized through etching commercial Au-Ag foil in acid with a following treatment under different conditions. The nanoporous gold catalyst prepared through etching with nitric acid has a specific surface area of 3.0 m 2 /g. With a treatment in ozone, the surface of ligaments of nanoporous gold was oxidized, by which an surface layer of AuO x and AgO x were formed. After reduction in methanol, the surface oxide layers were reduced and an alloy surface of a ligament was formed. The np-Au(Ag) treated in ozone or ozone with a followed methanol exhibited high activity (TOF = 0.55 and 0.99 s −1 ) in selective oxidation of cyclohexene with molecular oxygen; this activity is comparable with the most active catalysts for selective oxidation of cyclohexene reported in literatures. np-Au(Ag)-O 3 -MeOH exhibits definitely higher selectivity for the production of cyclohexene oxide, cyclohexenol and cyclohexanone than np-Au(Ag)-O 3 . The high selectivity (80.8 %) on np-Au(Ag)-O 3 -MeOH is due to the formation of surface Au-Ag alloy through the reduction of surface oxide in methanol. The correlation of surface chemistry and structure of ligaments of np-Au(Ag) formed through different treatments with the corresponding catalytic performances suggests that metallic surface of ligament favors the formation of cyclohexene oxide, cyclohexenol and cyclohexanone, but the oxide surface promotes the formation of cyclohexenyl hydroperoxide.
